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Abstract 
In order to make pavement construction a sustainable process, recycling has become a routine 
procedure in the U.S. Full Depth Reclamation (FDR) with a relatively thin surface Hot Mix Asphalt 
(HMA) layer has become popular in many parts of the country including the Northeast. However, 
moisture damage of such pavements can pose a serious problem by reducing their lives. Such a 
reduction can also offset the projected benefits of recycling since premature failures in pavements 
will require frequent and extensive rehabilitation. The objective of this project was to evaluate the 
monetary and environmental impact of moisture damage on recycled asphalt pavements that are 
typically used in New England and identify the best design for ensuring the sustainability of 
pavement recycling. The scope of work involved design of recycled mixes, preparation of samples, 
conditioning of samples, testing of samples before and after conditioning and analyzing the results in 
terms of pavement design life, cost of rehabilitation and environmental impacts in terms of carbon 
dioxide generated and energy consumed. Complex samples representing the pavement structure were 
created in the laboratory from materials that were received from the Maine Department of 
Transportation (DOT) by affixing HMA layers on top of FDR layers after the application of asphalt 
tack coat. Eight different designs consisting of different thicknesses and air voids of samples were 
tested. The samples were tested individually and in combined manner with the Ultrasonic Pulse 
Velocity Tester to obtain the seismic modulus which was then used to estimate the design modulus. 
The design modulus was then used to estimate pavement lives, reduction in lives due to moisture 
damage and the cost and environmental effects for each design combination. Considering both 
monetary and environmental impacts the design with two layers of HMA consisting of a 9.5 mm mix 
over a 12.5 mm mix with air voids of five and seven percent, respectively, over a FDR layer of nine 
percent voids was found to be the optimum design for ensuring the sustainability benefits of 
recycling. 
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Executive Summary 
 
This project analyzed the environmental effects and cost of moisture damage on combined 
Hot Mix Asphalt and Full Depth Reclamation samples. The damage caused to road structures such 
as pavements originates from the effects of vertical loads originating from automobiles, such as 
cars, trucks, or even airplanes. Although, the constant loading from these sources damages the 
pavements, it is not the only reason pavements get damaged. Natural factors such as ultraviolet 
radiation, temperature and saturation, also play an important role in the pavement’s life. There are 
six types of damage, also called distresses that are very common to most pavements: raveling, 
bleeding, polished aggregates, corrugation and shoving, rutting, and cracking. These distresses 
may be caused by various aspects, but drastically affect the pavement's life, being capable of 
damaging layers underneath the top wearing course. 
 
There are three main factors affecting the moisture susceptibility of a pavement. They are 
the permeability, the thickness and the air void percentage of the pavement. The permeability of a 
pavement is a property of a pavement which is used to explain the rate at which water flows 
through it. The more water flowing through it, the higher the moisture content will be and the 
lower its ability to withstand moisture. The air void content briefly defined is the percentage of 
voids within the pavement. It measures how the voids is in the pavement related to the aggregate 
using volume as the main measurement. The higher the air voids are, the more water can get in 
and get trapped. However, a pavement with low air voids can be too stiff. Therefore, it is important 
to achieve proper air void percentages. The thickness of a pavement is important as well because 
it will take more time for water to go through. The thickness of the pavement is directly 
proportional to the moisture susceptibility. If the thickness of the pavement decreases the moisture 
susceptibility will increase. Hence, decreasing its ability to withstand moisture. 
 
HMA samples were created by using asphalt collected from the Maine Department of 
Transportation. 9.5 NMAS and 12.5 NMAS HMA were both used to study whether or not the 
difference in maximum aggregate size effect the sustainability of the top HMA layer. The samples 
were constructed using a gyratory compactor to simulate field construction techniques with 
samples at both five and seven percent air voids. The FDR samples also used material from the 
MaineDOT. Twenty percent RAP and eighty percent base material was combined with water and 
asphalt emulsion to create the recycled pavements in the gyratory compactor. 
The Corelok vacuum sealer was used in conjunction with a submerged scale in order to 
calculate the air voids within the samples. The Ultrasonic Pulse Velocity test measure the travel 
time of a wave through a sample. The design modulus was determined by combining this data with 
the geometric properties of a sample. The Florida DOT permeability test was used in order to 
accurately calculate the coefficient of permeability for each sample. Samples were tested in their 
saturated and unsaturated states in order study how permeability changes as the sample absorbs 
water. Finally, the Moisture induced Sensitivity Test was used to accurately mimic how years of 
moisture can damage a pavement. The combined samples were wrapped in a rubber membrane so 
that water could only enter from the top and submerged into the MiST machine. In order to study 
how long-term moisture damages the pavement, the number of cycles each pavement underwent 
was linearly increased until structural deformities were present. 
 
 5 
After testing, the results were used to compare the traits of the complex samples in order 
to find the most durable one. The samples were compared in terms of their Seismic Modulus (E), 
both before and after the MiST, as well as their Design Modulus, thickness, percentage of air voids, 
and moisture content. These results and comparisons allowed the development of data that 
estimated the pavement life as well as the overall cost, taking into consideration the expected 
damage, as well the costs for transportation, construction of the pavement. The results also made 
it possible to estimate the environmental impacts, in terms of general pollution generated of the 
designed pavements in terms of CO2 and energy consumed. This allowed for the comparison of all 
the cost, environmental impacts, and durability of all the different recycled pavements.  
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1.  Introduction 
Pavements are defined as being lasting surface structures laid down to allow the passage 
of traffic. These structures are usually set up having three layers: the asphalt or Hot Mix Asphalt 
(HMA) layer, the base or aggregate layer, and the subgrade layer. Each layer contributes for the 
durability of the pavement, being responsible for the distribution the forces and pressure exerted 
by vehicles. In theory, a pavement is expected to last around 15 years; however, factors such as 
climate, maintenance, and type of traffic can affect its lifespan. 
The life cycle of pavements, according to the United States Department of Transportation 
(DOT)1, usually has 6 phases: production of materials, design of the pavement, construction, use, 
maintenance and preservation, and end-of-life. Every phase contributes to both quality and 
longevity of the structure, seeing that higher-quality materials, appropriate design and care, and 
usage of proper methods all have a lasting impact on the structure designed. 
Figure 1.1: Pavement Condition Index (Harford County DOT) 
 
However as seen in Figure 1.1, after the pavement is created, it slowly begins to deteriorate, 
as a result of traffic and the environment.  Environmental factors (i.e. rain, sunlight, etc) can cause 
various types of damages to the pavement, reducing its lifespan and quality, ultimately requiring 
repair. Regularly conducted maintenance can significantly increase the life of a pavement. 
Although repairing pavements is a necessary process, it is not always a thorough one. When 
pavements show a sign of distress on the HMA layer, it can also mean that they have been damaged 
on the underneath layers as well, at least to some extent. Since the damage can only be seen on the 
asphalt layer, and because it is the easiest accessible layer, it is the only layer that is repaired or 
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replaced. This fixing of only the superficial layer is an efficient short-term solution, but it makes 
the entire structure less durable, requiring care more often. Moreover, the full repairing of the 
structure is a process that not only requires a significant amount of energy and money, but is also 
wasteful, considering that a major part (up to 90%) of the reclaimed older material is simply thrown 
away.2 
  
1.1. What Are Sustainable Pavements? 
The production and maintenance of asphalt pavements need to be made more 
environmentally friendly. The whole cycle has impactful consequences to both the environment 
and the economy, since the process requires both natural resources and use of related construction 
logistics. Environmental impacts may vary from use of natural resources and energy to Greenhouse 
Gas (GHG) emissions. The construction and preservation of roads may result in habitat loss or 
alteration and cause the depletion of nonrenewable resources, such as aggregate, petroleum, and 
limestone. Moreover, the production of such structures involves many different planning and 
economic strategies, considering the fact that it involves mobilization of areas, use of labor, 
materials, vehicles, etc. 
 
 The costs and planning involved in creating new road segments, or even fixing old ones 
can be very demanding. Since roads are designed taking into consideration the type of use, the 
expected flow, the expected type of traffic, and geological and weather-related events, planning 
the construction of a pavement section requires extensive research and use of professionals, which 
also involves some costs. The construction itself also requires investment, since the mobilization 
of the area, alone, can price up to 10% of the total cost. Other prices, such as material prices and 
inspection can have prices going up to $150.00 per hour (for certain professionals), or even 
$2200.00 (for mobile laboratories) per month. Prices related to the removal of objects (trees, 
previous structures, etc.) can vary from $150.00 to the thousands of dollars. Prices related to 
hauling can also vary depending on the length traveled, speed, variable cost, and volume hauled. 
More detailed information can be found in U.S. Department of Agriculture’s (USDA) Cost 
Estimating Guide for Road Construction. 
 
1.2.  Pavements Damage 
1.2.1.  Reasons Pavements Get Damaged 
In addition to traffic induced damage, pavements also suffer considerably from the effects 
of environmental factors, primarily water and temperature. Water is a major destructive factor in 
pavements. Water enters the pavement structure through joints and cracks and under repeated 
loading from traffic, result in the generation of repeated pressure pulses inside the pavement, which 
 8 
leads to breakdown of materials and destruction of the pavement.  
 
1.2.2.  Types of Distress 
The followings sections present the typical distresses that are observed in asphalt 
pavements.  
1.2.2.1.  Raveling 
 Raveling (Figure 1.2) is the continuous fragmentation of the HMA layer due to the 
dislodging of particles. This can result in an overall decline of asphalt quality, since it results in 
loose debris on the road, and increase of roughness and water accumulation. Raveling can be 
caused by the loss of bond between the aggregate particles and the asphalt binder, as well as 
pressure exerted by certain types of vehicles (studded tires, snow plow blades, or tracked vehicles). 
 
 
Figure 1.2: Raveling (Pavement Interactive, n.d.) 
1.2.2.2.  Bleeding 
 Asphalt bleeding (Figure 1.3) is a film of asphalt binder on the pavement surface that 
usually creates a shiny, glass-like reflecting surface that can be hard to see and become sticky 
when dry and slippery when wet. It can be caused by adding an excessive amount of asphalt binder 
to the HMA, excessive application of asphalt binder during Bituminous Surface Treatment 
applications, and/or by having a low air void content. 
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Figure 1.3: Bleeding (Pavement Interactive, n.d.) 
 
1.2.2.3.  Polished Aggregates 
 These are areas of pavement where there are few or no rough or angular aggregates above 
the asphalt binder. They increase the risk of skidding since the surface is “smoother”. Polished 
aggregates areas are usually due to aging and continuous traffic applications. 
 
 
Figure 1.4: Polished Aggregates (Pavement Interactive, n.d.) 
 
 
1.2.2.4.  Corrugation and Shoving 
It is a form of distortion to the HMA layer that is typified by ripples and/or abrupt waves 
across the surface. This type of distress causes a change in the roughness of pavements and is caused 
by an unstable HMA layer and stress exerted by the stopping of vehicles, as well as having an 
excessive content of moisture in the subgrade and base layers. 
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Figures 1.5 and 1.6: Shoving and Corrugation (Pavement Interactive, n.d.) 
1.2.2.5.  Rutting 
There are two basic types of rutting: mix (Figure 1.7) and subgrade rutting. Mix rutting 
happens when the subgrade does not rut, but the surface exhibits wheel-path depressions. Subgrade 
rutting occurs when the subgrade exhibits wheel path depressions due to loading. Rutting can 
decrease the pavement quality, also increasing the risk of hydroplaning and steering problems (the 
ruts may pull the vehicle). They can occur as a result of compaction/mix design problems, subgrade 
rutting, or improper mix design. 
 
 
Figure 1.7: Mix Rutting (Pavement Interactive, n.d.) 
 
1.2.2.6.  Cracking 
 There are many types of cracking: fatigue, block, microcracking, top-down cracking, 
longitudinal, transversal, slippage cracking, and reflection cracking. This type of distress, however, 
is commonly caused by factors such as poor mix design of the HMA and/or subgrade layer, 
constant or increasing loading, aging of asphalt binder, poor construction quality or design, and 
type of traffic and usage. Moreover, cracking usually causes a big impact to the pavement because 
it increases roughness and allows the infiltration of moisture, which can cause an even bigger 
damage if not repaired. 
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 1.3.  Why Recycle 
 As previously mentioned, the recycling of pavements is a process that involves not only 
the repairing but also can increase pavement life and quality. If done correctly, the recycling of 
pavement can increase 12 years in its lifespan. This can be achieved by regularly measuring the 
quality of the pavement and recycling it before the first drop in quality. However, recycling needs 
to be conducted with proper design and construction practices to realize the benefits. Although 
recycling is a sustainable construction practice, it needs to be remembered that one of the primary 
requirements of sustainability is the ability of the structure to function properly throughout its 
design life.  
 
1.3.1.  Types of Recycling 
According to the Asphalt Recycling and Reclaiming Association, there are four main types 
of recycling: hot recycling, hot in-place recycling (HIR), cold-in place recycling (CIR), and full 
depth reclamation (FDR). Usually, hot and hot in-place recycling methods demand more energy, 
since they require the re-heating of the reclaimed asphalt pavement (RAP), and even the creation 
of more asphalt material. 
 
1.3.1.1.  Hot Mix Recycling 
This process requires the combination between the RAP with new materials, as well as a 
recycling agent, to produce a new HMA layer. Hot recycling uses both batch and drum hot mix 
plants, after obtaining the material by milling. Usually, only 10% to 30% of the RAP is used in the 
recycled mix. This method, however, creates an asphalt layer with equal or better performance 
layer than the HMA, and can be used to correct surface defects, deformation, and cracking. 
 
1.3.1.2.  Hot In-Place Recycling 
This method consists of heating, softening, and milling the RAP to a specific depth. The 
new HMA and a recycling agent may be added to the milled RAP, allowing the HIR to be a single 
or multiple pass process. During single pass, the milled material can be combined to new material 
if needed. During multiple pass, the RAP is recompacted, and then a new surface is added. There 
are three types of HIR: surface recycling, repaving, and remixing; each having its own 
methodology and usage. Overall, the HIR process can eliminate or correct surface cracks, ruts, 
shoves, and bumps, as well as it can rejuvenate old asphalt, while creating little traffic interruption 
and minimizing hauling costs. 
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1.3.1.3.  Cold In-Place Recycling 
CIR allows the reuse of the RAP without using heat and has low transportation and hauling 
costs. This process usually includes the addition of emulsion to the recycling binder. The emulsion 
can also be added with materials such as fly ash, cement, or quicklime, which are effective for low 
stability mixes, in proportion to the weight of the RAP. CIR involves the pulverizing and sizing of 
the RAP, applying the recycling agents, and placement and compaction. This method allows the 
structural treatment of distress, improvement of quality, and the widening of pavements. 
 
1.3.1.4.  Full Depth Reclamation 
The FDR process consists of recycling the entire HMA layer, as well as a predetermined 
depth of the base layer. This, alongside the addition of emulsion and/or chemical agents and other 
materials, allows the creation of a stabilized base course. This process is also a cold mix design. 
In the field, the FDR process is conducted with a single machine or a train of vehicles that is able 
to reclaim the distressed pavement and base course and combine it with the required water, 
emulsion and other additives if needed. The newly created recycled pavement is then compacted 
and covered with a relatively thin HMA layer. This process allows the correction of asphalt 
distresses, the improvement of the pavement structure, as well as the minimizing the cost of 
hauling material to and from site.  
 
1.3.2.  Advantages of Using Full Depth Recycled Pavements 
There are many advantages to using FDR material compared to replacing an existing 
roadway with a new HMA mix and the advantages can generally be classified into two categories: 
Economic and Environmental. The economic advantages of recycling pavements are associated 
with cost saving measures of using less virgin material. It is better to reuse materials that are 
already on site than haul old material off site and pay for new HMA material to remake the 
pavement. The use of less materials and energy to make pavements can be financially beneficial 
as it decreases the total overall cost. Long term sustainability of the production and maintenance 
of roadways is critical as the global supply of oil (asphalt is a byproduct of the petroleum 
distillation process) decreases. Decreased production of new material, and the use of RAP in FDR 
can both help to make the industry more sustainable. By reusing asphalt, manufacturers can reduce 
costs and improve the quality of the pavements. Using recycled material provides another source 
of aggregate and binder, which reduces the need for quarried aggregate and fresh binder. This will 
decrease the transportation costs and, ultimately, the emission of greenhouse gases from the 
manufacturing and transportation of pavement materials.  
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1.4.  Reason for the Project 
         As the highways of the world deteriorate due to unavoidable traffic (which increases 
continuously) and environmental conditions, research is conducted to analyze that the 
sustainability and repair options for these highways are as economical and practical as possible. 
This means that coming up with ways to make asphalt last longer while also making it more 
sustainable (in terms of the material being used) is one of the top goals in the highway construction 
industry. 
The goal of this project is to analyze how damage caused by moisture relates to the lifespan 
of a FDR pavement with HMA surface layer. By understanding this information, it is possible to 
make better recycled pavements that will be able to resist damage due to moisture and function 
properly throughout their design lives. Because damage due to moisture is one of the main reasons 
for a decreased life span of a pavement, if recycled pavements have an increased resistivity to 
moisture, using FDR can improve the lifespan of a highway. If FDR pavements have similar 
resistance to water damage as HMA pavements, then FDR will be an even more attractive 
financially viable alternative.   Note that moisture damage is not generally considered as part of 
the structural design process for pavements.  
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2.  Literature Review 
2.1.  Factors affecting Moisture Susceptibility 
2.1.1.  Air Voids 
Air Voids are small air spaces or pockets of air inside the coated aggregate and binder mix. 
These pockets are created when the asphalt mix is compacted and will have a volume 
corresponding to how much the pavement was compacted. In the field however, this number is 
usually around five to seven percent at the time of construction.  
A large enough air void value could lead to asphalt deteriorating effects and distresses such 
as decreased stiffness and strength, reduced fatigue life, decreased durability, raveling, rutting, and 
moisture damage. Moisture damage potential is increased at higher air voids due to higher 
permeability. 
2.1.2.  Thickness 
A thicker pavement is always desirable from a moisture susceptibility point of view. Water 
can percolate throughout the entire depth relatively quickly in a thin pavement, whereas it is less 
likely in a thicker pavement. Determining the right thickness with economical and practicality in 
mind can significantly decrease cost while also increasing life span of asphalt. 
2.1.3.  Permeability 
         The coefficient of permeability (k) is the property that measures how quickly water flows 
through a given sample. It is also known as hydraulic conductivity. The higher the coefficient of 
permeability, more water can flow through the sample in any given period of time. Generally, the 
permeability of a sample decreases with an increase in the density or decrease in the air voids. 
When designing for asphalt, it is recommended to keep the coefficient of permeability value as 
low as possible. The lower it is, the better the quality of asphalt that can be produced. This can be 
achieved through compaction and the right binder/emulsion percentage.  
 
2.1.4.  Seismic Modulus 
         Modulus is defined as ratio of stress to strain. Seismic modulus is a special type of Modulus 
that is derived from testing with waves at high frequency. A sample is subjected to such a wave, 
and the travel time through the sample is recorded.  It is measured using the UPV tests which will 
be explained in detail in the methods section. 
 
The seismic modulus measured is a low-stress version of Young's modulus. Although it cannot 
reflect the actual material stress–strain characteristics under vehicle loads, it can help compare 
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performances of different materials or structures under different vehicle loads numerically (Wu et 
al., 2014). Also, the seismic modulus value can be converted to design modulus value, which can 
be utilized in design of pavement structures. 
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3.  Materials and Methods 
In order to most accurately represent the field characteristics of a FDR mix, RAP was 
combined with an aggregate base course to design and produce FDR material in the laboratory. 
The RAP was sourced from an unprocessed stockpile at a Pike Industries Sidney, Maine location. 
There is no information available on its properties. The base material was retrieved on 10/3/2017 
from a roadway site using material from a stockpile from E.L. Vining & Son. The aggregate base 
described as “Aggregate Subbase-Type D” passed the sieve analysis specifications set forth by the 
MaineDOT.  The base has an Adjusted Maximum Density of 128 (lb/ft3) (2050.36 kg/m3) and an 
Optimum Moisture content of seven percent. This data was collected using Test Procedure and 
Method AASHTO T-180-D. To represent a typical FDR mix, a large sample was made with 80% 
RAP and 20% base material. In order to ensure an accurate gradation of the FDR material, a portion 
of the sample was dried. This process began by creating a single thin layer of material on large 
metal pans. Next the material was heated for two hours at 100 ºC to ensure that all moisture had 
evaporated. The dry sample then was run through the gradation sieve towers. The sample was dried 
before gradation tests for two reasons. First, dry material did not clump together on the sieves. 
Secondly with the material completely dry, no moisture was accounted for in the gradation mass 
readings. 
  
3.1.  Hot Mix Asphalt 
HMA from the Maine Department of Transportation was used to create the complex FDR 
samples. This material was shipped in either five-gallon metal drums, or twelve-kilogram boxes. 
This HMA is a 12.5 mm Nominal Maximum Aggregate Size(NMAS) mix with 20% RAP, a PG64-
28 Binder. Figure 3.1 shows the properties of the 12.5mm NMAS HMA samples. 
 
 
Figure 3.1 Mix Design Data for the 12.5 NMAS HMA  
 
The second HMA from Maine, is a 9.5 NMAS mix with 20% RAP.. Figure 3.2 contains 
information on the 9.5 NMAS HMA Mix Design and gradation characteristics. 
 
 17 
 
Figure 3.2 Mix Design Data for the 9.5 NMAS HMA  
 
To prepare the HMA for compaction it is heated at 150ºC for at least one hour, or until the 
mix reads about 105 ºC in the oven. Next the material is divided into the proper amount for each 
sample, with 20 to 30 grams extra to account for spills. All trays and equipment used to handle the 
HMA are heated to 150 ºC as well to ensure that the material does not cool down during the 
batching process or stick to the trays. Once batched, the samples are covered and return to the oven 
at 140 ºC for another 30 minutes to reheat back to compaction temperature. The mass of each 
sample was determined by using the known volume of the gyratory compactor, the theoretical 
maximum specific gravity (Gmm) of the HMA, and the target air voids. 
The process to compact the samples begins by setting the gyratory compactors to the 
estimated height or number of gyrations. The 12.5 NMAS HMA samples used the estimated height 
of 150 mm, while the 9.5 NMAS HMA samples used the recommended 75 gyrations found on the 
mix design sheet. Next, the chute, compaction cylinders, and a single batched tray are removed 
from the ovens. A paper disc is then inserted into the cylinder to prevent material from sticking to 
the base. The chute is then placed on a scale, zeroed, and the HMA is dumped into the chute. 
Material is then removed until the scale reads the exact amount mass determined from the 
spreadsheet mentioned earlier. Using the chute, the HMA is then dumped in one quick fluid motion 
into the compaction cylinder. Next the cylinder is shaken to manually settle the material and a 
second paper disk is placed on top of the material. Before the HMA cools the cylinder is then 
placed into the compaction machine and the compaction program is run. Once the cycle is 
completed, the new compacted sample is raised from the machine and allowed to cool for at least 
10 minutes and until the sample temperature is less than 75ºC. The sample is then removed from 
the machine and allowed to cool completely. Finally, the compaction cylinder is removed and the 
entire process is repeated for the next sample. The chute, and compaction cylinders are placed back 
in the oven and allowed to reheat back to 140 ºC between compaction cycles. 
  
3.2.  Full Depth Recycling Sample Compaction 
To create FDR samples, the dry mixture of RAP and base is combined with asphalt 
emulsion and water to create an emulsified mix which can retain its shape once compacted. In 
order to determine what emulsion percentage produced the highest density FDR, three samples 
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were compacted at three, four, and five percent emulsion to ensure an accurate reading was taken. 
Next, at three percent emulsion, the optimum water content was determined by testing at three, 
five and seven percent moisture. Finally, the optimum emulsion content was determined by testing 
samples at one, two, and three percent emulsion. In order to calculate the highest density sample, 
the Corelok apparatus was used to determine the bulk density. Equation 1 was used to calculate 
Dry density (𝛾𝑑𝑟𝑦).  
 
𝛾𝑑𝑟𝑦 = 𝛾𝑏𝑢𝑙𝑘/(1 + 𝑤𝑐 ) 
Equation 1 
where wc is the water content, and γbulk is the bulk density. 
In order to determine which sample has the highest density, the liquid percentage of each 
sample was determined and plotted against dry density. After analyzing the data, the design 
emulsion and water content were found to be four percent and three percent respectively. In order 
to uniformly add the emulsion and water to the dry mix a bucket mixer was used (Figure 3.1).  
 
 
Figure 3.3 Bucket mixer 
 
Once the emulsion reached 60 ºC the proper mass of emulsion and water was added to the 
mixer. Once mixed for two minutes, the content of the bucket were added to a special compaction 
cylinder with a number of small holes on the exterior (Figure 3.2).  
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Figure 3.4: Funnel and Compaction cylinder 
 
These holes are designed to allow moisture from the added water and emulsion to escape 
during compaction but not allow any aggregate to leave. The FDR mix was compacted for 50 
gyrations and allowed to solidify for 10 minutes before removing from the gyratory compactor 
(Figure 3.3). The mixing and compaction was then repeated for every sample.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5: The gyratory compactor used 
3.3.  Volumetrics/Air Voids 
Using the ASTM Standard D2726 to find the Bulk Specific Gravity first, the mass of the 
dry sample is taken. Next, the mass of the vacuum seal bag is recorded. The sample is then placed 
inside the bag and inserted into the Corelok Asphalt Density Measurement System (Figure 3.6). 
Using program #2, the sample is then vacuum sealed within the bag. The sample is then completely 
submerged in water at 25 ºC and weighed using a tray connected to a scale (Figure 3.7). Using this 
data, the Gmm of the sample and its geometric properties, an accurate value for air voids can be 
determined.  
Finished compacted 
sample adjacent to the 
gyratory compactor 
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Figure 3.6: Sample inside the Corelok apparatus undergoing vacuum seal 
 
 
Figure 3.7: Submerged weigh station used to determine air void percentage 
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Figure 3.8: FDR sample on scale 
3.4.  Ultrasonic Pulse Velocity (UPV) 
The Ultrasonic Pulse Velocity (UPV) test is a non-destructive test used to determine the 
seismic modulus of a compacted sample. The test uses ultrasonic pulses to measure the time it 
takes for the sound waves to pass through the sample. Higher velocities indicate good quality, 
while slower velocities indicate a higher percentage of cracks or voids. This data is then analyzed 
with the known air voids percentage, the volumetrics of the sample, and the mass to determine the 
seismic modulus. First the accuracy of the UPV apparatus is confirmed by testing a sample with a 
known travel time (Figure 3.9). For each sample five UPV data points are recorded, one in the 
center of the sample and one near the edge ninety degrees apart (Figure 3.11). These values are 
averaged together so that any inconsistencies within the sample, such as large air voids pockets do 
not skew the sample reading. During the MIST conditioning, UPV data were collected at intervals 
to see how the seismic modulus decreases as the pavement becomes progressively more damaged 
by water. 
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Figure 3.9: Calibration set-up for UPV of a sample with known travel time 
 
 
Figure 3.10: Set-up for taking UPV of Complex Sample (CPX) 
 
Figure 3.11: UPV test points on the surface 
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During MIST conditioning, the samples become saturated with water. Presence of water 
can affect the UPV reading significantly. In order to avoid this problem, the samples were allowed 
to dry for 7 days in normal atmospheric conditions before testing. In order to confirm this, the 
samples were weighed daily until the weight remains constant. Finally, only one reading is taken 
in the center of the sample post MIST conditioning, due to issues with the UPV device being 
unable to read travel times until the samples were completely unsaturated. 
  
3.5.  Permeability  
In order to determine the coefficient of permeability, k, of the HMA and FDR samples the 
Florida DOT permeability test FM 5-565 was used. A copy of the test protocol can be found in the 
appendix. Using the procedure, and the apparatus described within, equation 2 for k was used. 
 
 
Equation 2 
Where: k = coefficient of permeability, cm/s; 
a = inside cross-sectional area of the standpipe, cm2; 
L = average thickness of the test specimen, cm; 
A = average cross-sectional area of the test specimen, cm2; 
t = elapsed time between h1 and h2, s; 
h1= initial head across the test specimen, cm; see Figure 1. 
h2 = final head across the test specimen, cm; see Figure 1. 
tc = temperature correction for viscosity of water;  
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Figure 3.12: Set up of Permeability Test #1 
 
Figure 3.13: Set-up of Permeability Test image #2 
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Figure 3.14: Permeability Test Pressure 
3.6.  Moisture Induced Sensitivity Test Conditioning 
  The Moisture Induced Sensitivity Test (MIST) (ASTM Standard D7870) is used to 
simulate effects of moisture in pavement samples in the laboratory. MIST Conditioning achieves 
this representation of damage through a number of steps. The MIST was used to understand the 
effects of moisture damage on a HMA/FDR pavement. In order to accurately represent the damage 
caused by moisture, the vertical sides and base of the complex sample were covered by a 
cylindrical rubber membrane up to but not covering the HMA portion of the sample. In order to 
prevent water from entering from the bottom of the sample, a square portion of the rubber 
membrane was affixed to the bottom of the sample by folding it up and inside the cylindrical 
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membrane. Finally, to ensure no water enters at the edges of the membrane, thick gauge rubber 
bands are used to tighten the seal between the membrane and the sample (Figures 3.15 and 3.16). 
 
Figure 3.15 & 3.16: Sample prepared for MIST Conditioning 
 
This membrane will only allow water to enter the sample through the HMA sample. First, 
the sample was subjected to conditioning at 25 ºC and at 40 psi for twenty hours. The sample was 
then removed and tested using the UPV test. The sample was then returned to the machine so that 
500 cycles conditioning can be run. A cycle of conditioning is defined as the pushing and pulling 
of water through the pavement to simulate the effects of a tire on the saturated roadway surface. 
The sample was then removed and its response to moisture damage is tested using UPV. This 
process is then repeated again using 1000 cycles, 1500 cycles, and finally 2000 cycles for each 
sample.  
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Figure 3.17: The MIST Machine 
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4.  Results 
4.1.  Summary of Coefficient of Permeability for HMA Samples 
Two different HMA mixes were tested for permeability. Understanding the permeability 
characteristics of the HMA samples in saturated and unsaturated conditions helps to predict and 
explain the behavior of the sample after MIST conditioning. As in Table 4.1, the results show 
that the coefficient of permeability decreases once the sample is saturated. Another relationship 
discovered is the thickness of a sample and its coefficient of permeability. Thicker samples 
tended to have lower coefficients of permeability.  
 
Table 4.1 Summary of Coefficient of Permeability 
 Coefficient of Permeability (k) 
 
Thickness 
(cm) 
 Average 
Sample ID Unsaturated Saturated 
1-12.5  1.59E-04 5.49 
2-12.5 3.31E-04  5.17 
3-12.5 5.99E-04  5.55 
4.-12.5 5.01E-04  5.28 
5-12.5 4.10E-04 1.32E-04 11.18 
6-12.5  2.60E-04 11.2 
7-12.5  4.13E-05 11.05 
8-12.5  1.26E-04 10.99 
    
1-9.5 7.51E-05 7.91E-05 4.55 
2-9.5 4.75E-05  4.45 
3-9.5 1.50E-05  4.57 
4-9.5 1.47E-04 1.20E-05 4.45 
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4.2.   HMA Samples and Modulus 
In order to determine how the seismic modulus of the complex samples changed after 
MIST Conditioning, data were collected for all HMA samples separately. The FDR samples 
were compacted and tested for permeability as well as seismic modulus. Finally, once the 
complex samples were manufactured, they again were tested for their seismic modulus using the 
UPV test before and during MIST Conditioning.  
Table 4.2 Seismic Modulus values for HMA Samples 
Sample 
Seismic Modulus 
(MPa) 
Design Modulus 
(MPa) 
Thickness  
(cm)  
    
1-12.5 16,165.5 5,051.79 5.49 
2-12.5 15,906.21 4,970.432 5.1816 
3-12.5 14,428.66 4,509.172 5.5626 
4.-12.5 14,090.13 4,402.993 5.2832 
5-12.5 15,329.1 4,790.479 11.176 
6-12.5 14,330.1 4,478.146 11.2014 
7-12.5 15,329.12 4,790.479 11.049 
8-12.5 14,330.07 4,478.146 10.9982 
    
1-9.5 13,688.85 4,277.509 4.55422 
2-9.5 13,726.78 4,289.919 4.445 
3-9.5 14,144.6 4,420.23 4.572 
4-9.5 13,685.41 4,276.819 4.45516 
    
 
4.3. FDR Samples 
Using the process described in the Methods section, the Bulk and Dry densities for FDR 
samples 1-9 were determined. After reducing the water and emulsion content to 1-3% it was 
determined that the optimum moisture percentage of the samples is 5.6%, as seen in Figure 4.1. 
The design contents were determined to be 4% water and 3% emulsion.  
After calculation, the specific gravity values were found to range from 2.249 to 2.314 
g/cm3. The optimum fluid content was found from the curve in Figure 4.1 to be approximately 
5.66%. This was calculated to have a combination of 3% water and 4% emulsion (emulsion 
contains about 34 % water). Using the dry density formula, it was found that the dry density was 
between 2.25 and 2.31 g/cm3.      
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Table 4.3. Summary of Optimum FDR emulsion and moisture content 
 
 
 
 
Figure 4.1 Optimum Moisture Content of FDR Samples 
 
 
  
Optimum Moisture 
Percentage- 5.6% 
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Table 4.4 Specific Gravity and Dry Density of FDR Samples 
Sample 
Specific Gravity  
(g/cm3) 
Dry Density 
(g/cm3) 
FDR-10 2.250 2.25 
FDR-16 2.261 2.26 
FDR-17 2.261 2.26 
FDR-18 2.265 2.27 
FDR-19 2.268 2.27 
FDR-20 2.314 2.31 
FDR-21 2.289 2.29 
FDR-22 2.287 2.29 
FDR-23 2.249 2.25 
 
4.4.  MiST Results 
The final section of the project consisted of testing the samples for their durability, both 
with and without the influence of moisture (water). To do so, two MiST machines, as well as the 
UPV test, and the balance were used. The use of the MIST was required to run the samples through 
extensive water cycles, ranging from 500 to 2,000 cycles. The scale and UPV test was used to 
measure the strength of the material and used to determine how it related to its saturation. 
The results pointed out that, after the final 2,000 cycles, the samples experienced a drastic 
drop in quality, displaying drops of at least 22% in the Design Modulus (Ed) from the Pre-MiST 
state to the Post-MiST state. Table 4.4.1, Table 4.4.2, and Table 4.4.3 show this drastic drop in 
strength for each combined sample. It is believed that this quality decrease was not only due to the 
destructive forces water can exert on the HMA layer but also on the FDR layer - by dissolving the 
emulsion used for that layer. This is suspected since emulsion was detected in the water that 
drained out of the MiST machines (Figure 3.13). The relationship between the increase of travel 
time and the reduction of the design modulus is not linear, even though they are related, as seen in 
table 4.4.3. The increase in travel time happened due to the increased saturation of the sample, 
seeing that the more water, the longer the waves will take to move through the samples. One reason 
for the increased reduction in the design modulus could be the change in internal air voids. Due to 
the large size of the complex samples, these samples could not be tested for air voids after the 
conditioning process.  
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4.4.3 Design and Impact Analysis 
In this section the results of analysis of the different designs and their impacts in terms of 
costs, energy and greenhouse gas (carbon dioxide, CO2) emissions are presented. The impacts 
were calculated for each design on the basis of the number of rehabilitation that each design 
would require in a 40-year time period. A pavement with a shorter life would require more 
frequent and hence a greater number of rehabilitation work and hence would result in greater 
amount of spending and use of energy, and emission of CO2. 
 
First, each of the structural designs were analyzed using the layered elastic analysis 
program WinJulea to obtain the critical strains – the tensile strain at the bottom of the HMA 
layer and the compressive strain on top of the subgrade layer (Esubgrade = 7051.89 MPa). 
Figure 4.2 shows a schematic of a pavement structure with the actual modulus values. These 
strains were used to compute the number of repetitions to failure (Nf) for cracking and rutting, 
respectively. The Nf with the lower value (subgrade rutting) was then utilized for further 
analysis, as the critical Nf. This value was used to compute the design life of the pavement, 
considering an initial daily traffic of XX per day and four percent traffic growth rate. Figure 
4.4.3 compares the lives of the eight different designs. It can be seen that the lives range from 
10.1 years to 0.16 years. The Nf value calculated with the strains that were obtained by using the 
design modulus from the post conditioned samples were then used to compare the costs and 
environmental impacts of the different designs.  
 
The cost data that were used for the calculation of rehabilitation cost were based off 
average costs associated with the construction of asphalt based pavements. The environmental 
impacts in terms of energy and CO2 were calculated as shown from Dorchies 2008 paper on the 
analysis of energy consumption and greenhouse gas emissions in pavement rehabilitation. Figure 
4.4.4 and 4.4.5 show the comparison of the different factors for the eight designs. It can be seen 
that the best design is complex sample number 3. This sample had two layers of HMA, a wearing 
course of 9.5 NMAS, 45.7 mm thickness and 5.8% air voids. The second layer had a 12.5 
NMAS, 55.6mm thickness and 6.5% air voids. The FDR layer had 8.5% air voids.  
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4.5 Conclusions and Recommendations 
 
The following conclusions and recommendations are made on the basis of this study. 
During the preliminary testing of the materials used in this study, it was discovered that the 
thickness and the air void percentage have a significant effect on the permeability of the samples. 
In future studies it is recommended that the air voids remain constant to reduce the variation of 
the permeability. As a result of moisture damage, the seismic modulus values of the mixes were 
significantly reduced. It is determined that the moisture conditioning not only weakened the 
bonds of the asphalt within the samples, but also when the asphalt emulsion became soluble and 
drained out once the testing was complete. The effect of moisture damage can be translated to a 
reduction in the lives of pavements. As the seismic modulus decreased so does lifespan of the 
pavement. In the future, it is recommended that appropriate consideration of moisture damage 
must be made during the design and construction of recycled pavements. Although recycled 
pavements are cheaper and better for the environment, they cannot withstand the same rates 
moisture damage.  
 
 
 
 
 
 
 
 
 
 
HMA Surface; E = 14,144 MPa, u = 0.4 
FDR Base; E = 8,087 MPa u = 0.4 
Subgrade; E = 50 MPa, u = 0.4 
Load = 9000 lbs, tire contact area = 90 
in2 
Radial Tensile strain 
Vertical compressive strain 
Figure 4.2. Schematic of pavement structure used in 
WinJulea layered elastic analysis  
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Table 4.5.1. Seismic (Es) and design modulus (Ed) of samples (Pre-MiST) 
* Refers to samples with HMA and FDR layers; T = thickness, AV = Air Voids 
Combined 
sample 
no.* 
HMA Layer 1 (Top) HMA Layer 2 FDR Combined sample 
NMAS, 
mm 
T, 
mm 
AV, 
% 
Time, 
µs 
 
Es, 
MPa 
NMAS, 
mm 
T, 
mm 
AV, 
% 
Time, 
microsec 
Es, 
MPa 
AV, 
% 
Time, 
µs 
Es, 
MPa 
Ed, 
MPa 
Time, 
µs 
1 9.5 45.5 4.9 14.82 13,688 12.5 54.8 5.2 16.32 16,165 7.4 48.20 8,225 9,196 84.42 
2 9.5 44.5 5.4 14.48 13,726 12.5 51.8 4.4 15.56 15,906 8.4 48.90 8,687 8,428 86.28 
3 9.5 45.7 5.8 14.60 14,144 12.5 55.6 6.5 17.36 14,428 8.5 51.02 8,087 8,657 85.86 
4 9.5 44.5 6.2 14.50 13,685 12.5 52.8 6.9 16.66 14,090 10.0 48.96 8,680 9,068 83.80 
5 12.5 111.8 6.4 36.30 15,329      9.5 46.32 7,253 8,898 88.42 
6 12.5 112 6.4 36.84 14,330      9.5 47.94 7,701 9,217 89.72 
7 12.5 110.5 5.8 33.72 15,329      9.4 48.56 7,253 9,586 86.44 
8 12.5 109.9 6.7 34.76 14,330      9.2 45.32 7,701 10,109 82.90 
 
Table 4.5.2. Seismic (Es) and design modulus (Ed) of samples (Post-MiST) 
* Refers to samples with HMA and FDR layers; T = thickness, AV = Air Voids 
Combined 
sample 
no.* 
HMA Layer 1 (Top) HMA Layer 2 FDR Combined sample 
NMAS, 
mm 
T, mm AV, 
% 
Es, 
MPa 
NMAS, 
mm 
T, 
mm 
AV,
% 
Es, 
MPa 
AV, 
% 
Es, 
MPa 
Ed, 
MPa 
Time, 
microsec 
1 9.5 45.5 4.9 1764 12.5 54.8 5.2 1492 7.4 792 6,750 99.10 
2 9.5 44.5 5.4 1446 12.5 51.8 4.4 1247 8.4 700 5,592 106.50 
3 9.5 45.7 5.8 1650 12.5 55.6 6.5 1618 8.5 830 6,751 99.20 
4 9.5 44.5 6.2 1573 12.5 52.8 6.9 1526 10.0 859 6,429 101.20 
5 12.5 111.8 6.4 1045     9.5 561 3520 141.50 
6 12.5 112 6.4 916     9.5 555 3143 154.70 
7 12.5 110.5 5.8 -     9.4 - - - 
8 12.5 109.9 6.7 1129     9.2 683 3877 134.60 
 
Table 4.5.3. Reduction of modulus due to the effect of moisture conditioning 
* Refers to samples with HMA and FDR layers 
Complex 
sample 
no.* 
HMA Layer 1 (Top) HMA Layer 2 FDR Reduction 
in Ed (of 
combined 
sample) 
due to 
moisture, 
% 
Increase 
in travel 
time due 
to 
moisture 
damage, 
% 
NMAS, 
mm 
Thickness, 
mm 
Air 
Voids, % 
NMAS, 
mm 
Thickness, 
mm 
Air 
Voids, % 
Air 
Voids, % 
  
1 9.5 45.5 4.9 12.5 54.8 5.2 7.4 27 15 
2 9.5 44.5 5.4 12.5 51.8 4.4 8.4 33 19 
3 9.5 45.7 5.8 12.5 55.6 6.5 8.5 22 13 
4 9.5 44.5 6.2 12.5 52.8 6.9 10.0 29 17 
5 12.5 111.8 6.4    9.5 60 38 
6 12.5 112 6.4    9.5 66 42 
7 12.5 110.5 5.8    9.4 - - 
8 12.5 109.9 6.7    9.2 62 38 
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Table 4.5.4. Fully Saturated Coefficient of Permeability Values for all samples 
Sample # Coefficient of Permeability 
(k) 
(At Fully Saturated 
Conditions) 
1-12.5 8.25E-05 
2-12.5 2.53E-04 
3-12.5 4.46E-04 
4-12.5 3.42E-04 
5-12.5 1.25E-04 
6-12.5 2.49E-04 
7-12.5 2.30E-05 
8-12.5 8.45E-05 
1-9.5 4.32E-05 
2-9.5 3.39E-05 
3-9.5 1.25E-05 
4-9.5 6.61E-06 
FDR-1 2.64E-05 
FDR-2 1.21E-05 
FDR-3 1.48E-05 
FDR-4 6.00E-06 
FDR-5 5.71E-06 
FDR-6 1.18E-05 
FDR-7 8.40E-06 
FDR-8 1.65E-04 
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Table 4.5.5. Cost and Environmental Impacts for Pre-MiST 
 
Table 4.5.6. Cost and Environmental Impacts for Post-MiST 
Combined 
Sample no. 
Compressive 
Strain 
Life Cost over 40-year Period 
(Dollars $) 
Environmental Impact over 40-year 
(years) Energy (MJ)            C02 eq (kg) 
1 0.001411 0.29  $7,214,625.00  22,660,883 1,432,815 
2 0.001537 0.21  $8,168,102.00  31,010,400 1,960,743 
3 0.001352 0.34  $5,590,908.00  19,503,318 1,233,167 
4 0.001401 0.3  $6,058,783.00  22,054,200 1,394,456 
5 0.001639 0.16  $13,045,808.00  40,236,525 2,544,098 
6 0.001617 0.17  $12,347,271.00  40,449,706 2,557,577 
7 0 0  $                    -    0 0 
8 0.001525 0.21  $9,868,257.00  30,585,600 1,933,884 
 
 
Figure 4.5.2. Pre-MiST and Post-MiST Cost Comparison 
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Life 
(years) 
Cost over 40-year 
Period (Dollars $) 
Environmental Impact over 40-year 
Energy (MJ)                   C02 eq (kg) 
1 0.000695 4.6 658415 1,714,345 111,147 
2 0.000697 4.5 641373 1,736,582 112,588 
3 0.000699 4.5 674444 1,768,301 114,645 
4 0.000709 4.3 694776 1,846,398 119,708 
5 0.00061 7.3 471131 1,058,276 68,612 
6 0.000573 10.1 340799 817,004 52,969 
7 0.0006 8.8 391769 908,807 58,868 
8 0.000618 8.0 411892 968,279 62,815 
 1 
 
Figure 4.5.3. Comparison of Pre-MiST and Post-MiST Life cycles 
 
 
 
Figure 4.5.4. Cost and Environmental Impacts of Pre-Mist Samples 
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Figure 4.5.5. Cost and Environmental Impacts of Pre-Mist Samples 
 
 
Figure 4.5.6. Percentage increase of Cost, energy, and Environmental Effect 
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Appendix 
Permeability Tests: 
5-12.5 NMAS 
 
 
 
 
Cross 
Sectional 
Area 
Average 
Thickness 
Average Cross-Sectional 
Area of Sample Time 
Initial 
Head 
Final 
Head 
Temp. 
Coefficient      
Date Test a (cm2) L (cm) A (cm2) t (s) 
h1 
(cm) 
h2 
(cm) Tc 
(h1/h
2) 
(aL/
At) 
ln(h1
/h2) 
k 
without 
tc 
Coefficient of 
Permeability 
(k) 
09/27 Test 1 7.81 11.18 177.422 512.24 96.1 48 0.95 
2.00E
+00 
9.61
E-04 
6.94E
-01 1.34E-03 6.34E-04 
09/27 Test 2 7.81 11.18 177.422 622.84 96.1 48 0.95 
2.00E
+00 
7.90
E-04 
6.94E
-01 1.10E-03 5.21E-04 
09/27 Test 3 7.81 11.18 177.422 754.53 96.1 48 0.95 
2.00E
+00 
6.52
E-04 
6.94E
-01 9.07E-04 4.30E-04 
09/27 Test 4 7.81 11.18 177.422 914.94 96.1 48 0.95 
2.00E
+00 
5.38
E-04 
6.94E
-01 7.48E-04 3.55E-04 
09/27 Test 5 7.81 11.18 177.422 1116.32 96.1 48 0.94 
2.00E
+00 
4.41
E-04 
6.94E
-01 6.13E-04 2.88E-04 
09/27 Test 6 7.81 11.18 177.422 1370.5 96.1 48 0.94 
2.00E
+00 
3.59
E-04 
6.94E
-01 4.99E-04 2.34E-04 
FULLY SATURATED 
09/28 Test 7 7.81 11.18 177.422 1836 96.1 55 0.94 
1.75E
+00 
2.68
E-04 
5.58E
-01 2.61E-04 1.41E-04 
09/28 Test 8 7.81 11.18 177.422 1800 96.1 58.2 0.94 
1.65E
+00 
2.73
E-04 
5.02E
-01 2.26E-04 1.29E-04 
09/28 Test 9 7.81 11.18 177.422 1800 96.1 59 0.94 
1.63E
+00 
2.73
E-04 
4.88E
-01 2.17E-04 1.25E-04 
 2 
 
6-12.5 NMAS 
 
Cross 
Sectional 
Area 
Average 
Thickness 
Average Cross-
Sectional Area 
of Sample Time 
Initial 
Head 
Final 
Head 
Temp. 
Coefficient      
Date Test a (cm2) L (cm) A (cm2) t (s) 
h1 
(cm) 
h2 
(cm) Tc (h1/h2) (aL/At) ln(h1/h2) 
k 
without 
tc 
Coefficient 
of 
Permeability 
(k) 
09/29 
Test 
1 7.81 11.2 177.89 1800 96.1 34.4 0.97 2.79E+00 
2.73E-
04 1.03E+00 
7.84E-
04 2.72E-04 
09/29 
Test 
2 7.81 11.2 177.89 1800 96.1 36.2 0.97 2.65E+00 
2.73E-
04 9.76E-01 
7.08E-
04 2.59E-04 
09/29 
Test 
3 7.81 11.2 177.89 1800 96.1 37.5 0.97 2.56E+00 
2.73E-
04 9.41E-01 
6.59E-
04 2.49E-04 
 
  
 3 
1-12.5 NMAS 
 
Cross 
Sectional 
Area 
Average 
Thickness 
Average 
Cross-
Sectional 
Area of 
Sample Time 
Initial 
Head 
Final 
Head 
Temp. 
Coefficient      
Date Test a (cm2) L (cm) A (cm2) t (s) 
h1 
(cm) 
h2 
(cm) Tc (h1/h2) (aL/At) ln(h1/h2) 
k 
without 
tc 
Coefficient 
of 
Permeability 
(k) 
09/30 Test 1 7.81 5.49 176.68 1800 90 41.3 0.98 2.18E+00 
1.35E-
04 7.79E-01 
2.29E-
04 1.03E-04 
09/30 Test 2 7.81 5.49 176.68 1800 90 45 0.98 2.00E+00 
1.35E-
04 6.93E-01 
1.87E-
04 9.16E-05 
09/30 Test 3 7.81 5.49 176.68 1800 90 48.2 0.98 1.87E+00 
1.35E-
04 6.24E-01 
1.57E-
04 8.25E-05 
 
  
 4 
2-12.5 NMAS 
 
Cross 
Sectional 
Area 
Average 
Thickness 
Average 
Cross-
Sectional 
Area of 
Sample Time 
Initial 
Head 
Final 
Head 
Temp. 
Coefficient      
Date Test a (cm2) L (cm) A (cm2) t (s) 
h1 
(cm) 
h2 
(cm) Tc (h1/h2) (aL/At) ln(h1/h2) 
k 
without 
tc 
Coefficient 
of 
Permeability 
(k) 
10/08 
Test 
1 7.81 5.17 176.68 482.29 90 27 0.98 3.33E+00 
4.74E-
04 1.20E+00 
1.90E-
03 5.59E-04 
10/08 
Test 
2 7.81 5.17 176.68 716 90 27 0.98 3.33E+00 
3.19E-
04 1.20E+00 
1.28E-
03 3.77E-04 
10/08 
Test 
3 7.81 5.17 176.68 814.92 90 27 0.98 3.33E+00 
2.80E-
04 1.20E+00 
1.13E-
03 3.31E-04 
10/08 
Test 
4 7.81 5.17 176.68 820 90 27 0.98 3.33E+00 
2.79E-
04 1.20E+00 
1.12E-
03 3.29E-04 
10/08 
Test 
5 7.81 5.17 176.68 832 90 27 0.98 3.33E+00 
2.75E-
04 1.20E+00 
1.10E-
03 3.24E-04 
10/08 
Test 
6 7.81 5.17 176.68 938 90 27 0.98 3.33E+00 
2.44E-
04 1.20E+00 
9.78E-
04 2.87E-04 
10/08 
Test 
7 7.81 5.17 176.68 1013 90 27 0.98 3.33E+00 
2.26E-
04 1.20E+00 
9.05E-
04 2.66E-04 
10/08 
Test 
8 7.81 5.17 176.68 1051.2 90 27 0.98 3.33E+00 
2.17E-
04 1.20E+00 
8.72E-
04 2.57E-04 
10/08 
Test 
9 7.81 5.17 176.68 1065 90 27 0.98 3.33E+00 
2.15E-
04 1.20E+00 
8.61E-
04 2.53E-04 
 
  
 5 
3-12.5 NMAS 
  
 
Cross 
Sectional 
Area 
Average 
Thickness 
Average 
Cross-
Sectional 
Area of 
Sample Time 
Initial 
Head 
Final 
Head 
Temp. 
Coefficient      
Date Test a (cm2) L (cm) A (cm2) t (s) 
h1 
(cm) 
h2 
(cm) Tc (h1/h2) (aL/At) ln(h1/h2) 
k 
without 
tc 
Coefficient 
of 
Permeability 
(k) 
10/04 
Test 
1 7.81 5.55 177.28 360 90 27 1.01 3.33E+00 
6.79E-
04 1.20E+00 
2.73E-
03 8.26E-04 
10/04 
Test 
2 7.81 5.55 177.28 405 90 27 1.01 3.33E+00 
6.04E-
04 1.20E+00 
2.42E-
03 7.34E-04 
10/04 
Test 
3 7.81 5.55 177.28 432 90 27 1.01 3.33E+00 
5.66E-
04 1.20E+00 
2.27E-
03 6.88E-04 
10/04 
Test 
4 7.81 5.55 177.28 467 90 27 1.01 3.33E+00 
5.24E-
04 1.20E+00 
2.10E-
03 6.37E-04 
10/04 
Test 
5 7.81 5.55 177.28 532 90 27 1.01 3.33E+00 
4.60E-
04 1.20E+00 
1.84E-
03 5.59E-04 
10/04 
Test 
6 7.81 5.55 177.28 553 90 27 1.01 3.33E+00 
4.42E-
04 1.20E+00 
1.77E-
03 5.38E-04 
10/04 
Test 
7 7.81 5.55 177.28 602 90 27 1.01 3.33E+00 
4.06E-
04 1.20E+00 
1.63E-
03 4.94E-04 
10/04 
Test 
8 7.81 5.55 177.28 630 90 27 1.01 3.33E+00 
3.88E-
04 1.20E+00 
1.56E-
03 4.72E-04 
10/04 
Test 
9 7.81 5.55 177.28 667 90 27 1.01 3.33E+00 
3.67E-
04 1.20E+00 
1.47E-
03 4.46E-04 
 6 
4-12.5 NMAS 
 
Cross 
Sectional 
Area 
Average 
Thickness 
Average Cross-
Sectional Area 
of Sample Time 
Initial 
Head 
Final 
Head 
Temp. 
Coefficient      
Date Test a (cm2) L (cm) A (cm2) t (s) 
h1 
(cm) 
h2 
(cm) Tc (h1/h2) (aL/At) ln(h1/h2) 
k 
without 
tc 
Coefficient 
of 
Permeability 
(k) 
10/05 
Test 
1 7.81 5.28 177.28 364 91 28 0.98 3.25E+00 
6.39E-
04 1.18E+00 
2.45E-
03 7.38E-04 
10/05 
Test 
2 7.81 5.28 177.28 390 91 28 0.98 3.25E+00 
5.96E-
04 1.18E+00 
2.28E-
03 6.89E-04 
10/05 
Test 
3 7.81 5.28 177.28 735 91 28 0.98 3.25E+00 
3.16E-
04 1.18E+00 
1.21E-
03 3.66E-04 
10/05 
Test 
4 7.81 5.28 177.28 726 91 28 0.98 3.25E+00 
3.20E-
04 1.18E+00 
1.23E-
03 3.70E-04 
10/05 
Test 
5 7.81 5.28 177.28 785 91 28 0.98 3.25E+00 
2.96E-
04 1.18E+00 
1.14E-
03 3.42E-04 
 
  
 7 
7-12.5 NMAS 
 
Cross 
Sectional 
Area 
Average 
Thickness 
Average 
Cross-
Sectional 
Area of 
Sample Time 
Initial 
Head 
Final 
Head 
Temp. 
Coefficient      
Date Test a (cm2) L (cm) A (cm2) t (s) 
h1 
(cm) 
h2 
(cm) Tc (h1/h2) (aL/At) ln(h1/h2) 
k 
without 
tc 
Coefficient of 
Permeability 
(k) 
  Test 1 7.81 11.05 177.88 1800 96.1 72.9 0.98 1.32E+00 
2.70E-
04 2.76E-01 
9.82E-
05 7.30E-05 
  Test 2 7.81 11.05 177.88 1800 96.1 86.4 0.98 1.11E+00 
2.70E-
04 1.06E-01 
3.19E-
05 2.81E-05 
  Test 3 7.81 11.05 177.88 1800 96.1 88.1 0.98 1.09E+00 
2.70E-
04 8.69E-02 
2.56E-
05 2.30E-05 
 
  
 8 
8-12.5 NMAS 
 
Cross 
Sectional 
Area 
Average 
Thickness 
Average Cross-
Sectional Area 
of Sample Time 
Initial 
Head 
Final 
Head 
Temp. 
Coefficient      
Date Test a (cm2) L (cm) A (cm2) t (s) 
h1 
(cm) 
h2 
(cm) Tc (h1/h2) (aL/At) ln(h1/h2) 
k 
without 
tc 
Coefficient of 
Permeability 
(k) 
  
Test 
1 7.81 10.99 177.58 1800 96.1 48.4 0.98 1.99E+00 
2.69E-
04 6.86E-01 
3.66E-
04 1.80E-04 
  
Test 
2 7.81 10.99 177.58 1800 96.1 62.4 0.98 1.54E+00 
2.69E-
04 4.32E-01 
1.79E-
04 1.14E-04 
  
Test 
3 7.81 10.99 177.58 1800 96.1 69.7 0.98 1.38E+00 
2.69E-
04 3.21E-01 
1.19E-
04 8.45E-05 
 
  
 9 
1-9.5 NMAS 
1-9.5 
NMAS 
 5.00% 
Cross 
Sectional 
Area 
Average 
Thickness 
Average Cross-
Sectional Area 
of Sample Time 
Initial 
Head 
Final 
Head 
Temp. 
Coefficient      
Date Test a (cm2) L (cm) A (cm2) t (s) 
h1 
(cm) 
h2 
(cm) Tc (h1/h2) (aL/At) ln(h1/h2) 
k without 
tc 
Coefficient 
of 
Permeability 
(k) 
11/21 Test 1 7.81 4.54 177.58 1800 
 
87.1 
 
54.1 0.98 2.10E+00 
1.11E-
04 7.40E-01 1.72E-04 8.05E-05 
  Test 2 7.81 4.54 177.58 1800 
 
87.1 
 
50.2 0.98 2.41E+00 
1.11E-
04 8.79E-01 2.35E-04 9.56E-05 
  Test 3 7.81 4.54 177.58 1800 
 
87.1 
 
64.1 0.98 1.57E+00 
1.11E-
04 4.53E-01 7.91E-05 4.93E-05 
FULLY SATURATED 
  Test 4 7.81 4.54 177.58 1800 
 
87.1 
 
43.6 0.98 3.22E+00 
1.11E-
04 1.17E+00 4.18E-04 1.27E-04 
  Test 5 7.81 4.54 177.58 1800 
 
87.1 
 
58.1 0.98 1.85E+00 
1.11E-
04 6.15E-01 1.26E-04 6.69E-05 
  Test 6 7.81 4.54 177.58 1800 
 
87.1 
 
66.4 0.98 1.49E+00 
1.11E-
04 3.98E-01 6.56E-05 4.32E-05 
  
 10 
2-9.5 NMAS 
2-9.5 
NMAS 
 6.70% 
Cross 
Sectional 
Area 
Average 
Thickness 
Average 
Cross-
Sectional 
Area of 
Sample Time 
Initial 
Head 
Final 
Head 
Temp. 
Coefficient      
Date Test a (cm2) L (cm) A (cm2) t (s) 
h1 
(cm) 
h2 
(cm) Tc (h1/h2) (aL/At) ln(h1/h2) 
k 
without 
tc 
Coefficient 
of 
Permeability 
(k) 
11/21 Test 1 7.81 4.445 177.58 1800 
 
87.1 
 
57.5 0.98 1.88E+00 
1.09E-
04 6.33E-01 
1.30E-
04 6.74E-05 
  Test 2 7.81 4.445 177.58 1800 
 
87.1 
 
66.8 0.98 1.47E+00 
1.09E-
04 3.88E-01 
6.22E-
05 4.13E-05 
  Test 3 7.81 4.445 177.58 1800 
 
87.1 
 
69.9 0.98 1.37E+00 
1.09E-
04 3.18E-01 
4.75E-
05 3.39E-05 
 
  
 11 
3-9.5 NMAS 
3-9.5 
NMAS 
 6.70% 
Cross 
Sectional 
Area 
Average 
Thickness 
Average 
Cross-
Sectional 
Area of 
Sample Time 
Initial 
Head 
Final 
Head 
Temp. 
Coefficient      
Date Test a (cm2) L (cm) A (cm2) t (s) 
h1 
(cm) 
h2 
(cm) Tc (h1/h2) (aL/At) ln(h1/h2) 
k 
without 
tc 
Coefficient 
of 
Permeability 
(k) 
11/21 Test 1 7.81 4.572 177.58 1800 
 
87.1 
 
76.9 0.98 1.19E+00 
1.12E-
04 1.76E-01 
2.35E-
05 1.93E-05 
  Test 2 7.81 4.572 177.58 1800 
 
87.1 
 
80 0.98 1.13E+00 
1.12E-
04 1.19E-01 
1.50E-
05 1.31E-05 
  Test 3 7.81 4.572 177.58 1800 
 
87.1 
 
80.3 0.98 1.12E+00 
1.12E-
04 1.14E-01 
1.43E-
05 1.25E-05 
 
 12 
4-9.5 NMAS 
4-9.5 
NMAS 6.70% 
Cross 
Sectional 
Area 
Average 
Thickness 
Average 
Cross-
Sectional 
Area of 
Sample Time 
Initial 
Head 
Final 
Head 
Temp. 
Coefficient      
Date Test a (cm2) L (cm) A (cm2) t (s) 
h1 
(cm) 
h2 
(cm) Tc (h1/h2) (aL/At) ln(h1/h2) 
k 
without 
tc 
Coefficient 
of 
Permeability 
(k) 
11/21 Test 1 7.81 4.445 177.58 1800 87.1 34.3 0.98 6.13E+00 
1.09E-
04 1.81E+00 
1.21E-
03 1.93E-04 
  Test 2 7.81 4.445 177.58 1800 87.1 40.1 0.98 3.92E+00 
1.09E-
04 1.37E+00 
5.81E-
04 1.45E-04 
  Test 3 7.81 4.445 177.58 1800 87.1 48.3 0.98 2.60E+00 
1.09E-
04 9.54E-01 
2.69E-
04 1.02E-04 
FULLY SATURATED 
  Test 4 7.81 4.445 177.58 1800 87.1 76.4 0.98 1.20E+00 
1.09E-
04 1.86E-01 
2.43E-
05 1.98E-05 
  Test 5 7.81 4.445 177.58 1800 87.1 81.6 0.98 1.10E+00 
1.09E-
04 9.12E-02 
1.09E-
05 9.71E-06 
  Test 6 7.81 4.445 177.58 1800 87.1 83.3 0.98 1.06E+00 
1.09E-
04 6.21E-02 
7.18E-
06 6.61E-06 
 
 
 
 
 
 
  
 13 
FDR 1 
  
Cross 
Sectional 
Area 
Average 
Thickness 
Average 
Cross-
Sectional 
Area of 
Sample Time 
Initial 
Head 
Final 
Head 
Temp. 
Coefficient      
Date Test a (cm2) L (cm) A (cm2) t (s) 
h1 
(cm) 
h2 
(cm) Tc (h1/h2) (aL/At) ln(h1/h2) 
k 
without 
tc 
Coefficient of 
Permeability 
(k) 
12/12 
Test 
1 7.81 11.23 180.98 1800 94 60.8 0.92 1.55E+00 
2.69E-
04 4.36E-01 1.81E-04 1.08E-04 
12/12 
Test 
2 7.81 11.23 180.98 1800 94 82 0.92 1.15E+00 
2.69E-
04 1.37E-01 4.22E-05 3.38E-05 
12/12 
Test 
3 7.81 11.23 180.98 1800 94 84.5 0.92 1.11E+00 
2.69E-
04 1.07E-01 3.19E-05 2.64E-05 
 
FDR 2 
 6.40% 
Cross 
Sectional 
Area 
Average 
Thickness 
Average Cross-
Sectional Area 
of Sample Time 
Initial 
Head 
Final 
Head 
Temp. 
Coefficient      
Date Test a (cm2) L (cm) A (cm2) t (s) 
h1 
(cm) 
h2 
(cm) Tc (h1/h2) (aL/At) ln(h1/h2) 
k 
without 
tc 
Coefficient of 
Permeability 
(k) 
12/12 Test 1 7.81 12.01166 176.4095676 1800 96.6 79.6 0.92 1.21E+00 
2.95E-
04 1.94E-01 6.94E-05 5.26E-05 
12/12 Test 2 7.81 12.01166 176.4095676 1800 96.6 90.3 0.92 1.07E+00 
2.95E-
04 6.74E-02 2.13E-05 1.83E-05 
12/12 Test 3 7.81 12.01166 176.4095676 1800 96.6 92.4 0.92 1.05E+00 
2.95E-
04 4.45E-02 1.37E-05 1.21E-05 
 
 14 
FDR 3 
  
Cross 
Sectional 
Area 
Average 
Thickness 
Average Cross-
Sectional Area 
of Sample Time 
Initial 
Head 
Final 
Head 
Temp. 
Coefficient      
Date Test a (cm2) L (cm) A (cm2) t (s) 
h1 
(cm) 
h2 
(cm) Tc (h1/h2) (aL/At) ln(h1/h2) 
k 
without 
tc 
Coefficient of 
Permeability 
(k) 
12/12 
Test 
1 7.81 14.97965 176.2302288 1800 96.3 77.5 0.92 1.24E+00 
3.69E-
04 2.17E-01 9.95E-05 7.37E-05 
12/12 
Test 
2 7.81 14.97965 176.2302288 1800 96.3 86.4 0.92 1.11E+00 
3.69E-
04 1.08E-01 4.46E-05 3.68E-05 
12/12 
Test 
3 7.81 14.97965 176.2302288 1800 96.3 92.2 0.92 1.04E+00 
3.69E-
04 4.35E-02 1.68E-05 1.48E-05 
 
FDR 4 
  
Cross 
Sectional 
Area 
Average 
Thickness 
Average Cross-
Sectional Area of 
Sample Time 
Initial 
Head 
Final 
Head 
Temp. 
Coefficient      
Date Test a (cm2) L (cm) A (cm2) t (s) 
h1 
(cm) 
h2 
(cm) Tc (h1/h2) (aL/At) ln(h1/h2) 
k 
without 
tc 
Coefficient of 
Permeability 
(k) 
12/12 
Test 
1 7.81 11.22764667 176.3796714 1800 93.1 86.9 1 1.07E+00 
2.76E-
04 6.89E-02 
2.04E-
05 1.90E-05 
12/12 
Test 
2 7.81 11.22764667 176.3796714 1800 93.1 90.4 1 1.03E+00 
2.76E-
04 2.94E-02 
8.37E-
06 8.13E-06 
12/12 
Test 
3 7.81 11.22764667 176.3796714 1800 93.1 91.1 1 1.02E+00 
2.76E-
04 2.17E-02 
6.13E-
06 6.00E-06 
 
  
 15 
FDR 5 
  
Cross 
Sectional 
Area 
Average 
Thickness 
Average Cross-
Sectional Area of 
Sample Time 
Initial 
Head 
Final 
Head 
Temp. 
Coefficient      
Date Test a (cm2) L (cm) A (cm2) t (s) 
h1 
(cm) 
h2 
(cm) Tc (h1/h2) (aL/At) ln(h1/h2) 
k 
without 
tc 
Coefficient of 
Permeability 
(k) 
12/12 
Test 
1 7.81 11.81354 176.2302288 1800 92.6 89.5 1 1.03E+00 
2.91E-
04 3.41E-02 1.02E-05 9.90E-06 
12/12 
Test 
2 7.81 11.81354 176.2302288 1800 94.5 90.3 1 1.05E+00 
2.91E-
04 4.55E-02 1.38E-05 1.32E-05 
12/12 
Test 
3 7.81 11.81354 176.2302288 1800 92.6 90.8 1 1.02E+00 
2.91E-
04 1.96E-02 5.82E-06 5.71E-06 
 
FDR 6 
  
Cross 
Sectional 
Area 
Average 
Thickness 
Average Cross-
Sectional Area of 
Sample Time 
Initial 
Head 
Final 
Head 
Temp. 
Coefficient      
Date Test a (cm2) L (cm) A (cm2) t (s) 
h1 
(cm) 
h2 
(cm) Tc (h1/h2) (aL/At) ln(h1/h2) 
k 
without 
tc 
Coefficient of 
Permeability 
(k) 
12/12 
Test 
1 7.81 11.39528667 176.2302288 1800 92 70 0.92 1.31E+00 
2.81E-
04 2.73E-01 
1.01E-
04 7.05E-05 
12/12 
Test 
2 7.81 11.39528667 176.2302288 1800 92 81.8 0.92 1.12E+00 
2.81E-
04 1.18E-01 
3.71E-
05 3.03E-05 
12/12 
Test 
3 7.81 11.39528667 176.2302288 1800 92 87.9 0.92 1.05E+00 
2.81E-
04 4.56E-02 
1.34E-
05 1.18E-05 
 
  
 16 
FDR 7 
  
Cross 
Sectional 
Area 
Average 
Thickness 
Average Cross-
Sectional Area of 
Sample Time 
Initial 
Head 
Final 
Head 
Temp. 
Coefficient      
Date Test a (cm2) L (cm) A (cm2) t (s) 
h1 
(cm) 
h2 
(cm) Tc (h1/h2) (aL/At) ln(h1/h2) 
k 
without 
tc 
Coefficient of 
Permeability 
(k) 
12/12 
Test 
1 7.81 11.59340667 176.1405936 1800 92.2 81.1 0.92 1.14E+00 
2.86E-
04 1.28E-01 
4.16E-
05 3.37E-05 
12/12 
Test 
2 7.81 11.59340667 176.1405936 1800 92.2 87.2 0.92 1.06E+00 
2.86E-
04 5.58E-02 
1.68E-
05 1.46E-05 
12/12 
Test 
3 7.81 11.59340667 176.1405936 1800 92.2 89.3 0.92 1.03E+00 
2.86E-
04 3.20E-02 
9.42E-
06 8.40E-06 
 
FDR 8 
  
Cross 
Sectional 
Area 
Average 
Thickness 
Average Cross-
Sectional Area of 
Sample Time 
Initial 
Head 
Final 
Head 
Temp. 
Coefficient      
Date Test a (cm2) L (cm) A (cm2) t (s) 
h1 
(cm) 
h2 
(cm) Tc (h1/h2) (aL/At) ln(h1/h2) 
k 
without 
tc 
Coefficient of 
Permeability 
(k) 
12/12 
Test 
1 7.81 11.55446 176.2302288 1800 92.2 58.6 1 1.57E+00 
2.84E-
04 4.53E-01 2.03E-04 1.29E-04 
12/12 
Test 
2 7.81 11.55446 176.2302288 1800 92.2 45.5 1 2.03E+00 
2.84E-
04 7.06E-01 4.07E-04 2.01E-04 
12/12 
Test 
3 7.81 11.55446 176.2302288 1800 92.2 51.6 1 1.79E+00 
2.84E-
04 5.80E-01 2.95E-04 1.65E-04 
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Cross 
Sectional 
Area 
Average 
Thickness 
Average Cross-
Sectional Area of 
Sample Time 
Initial 
Head 
Final 
Head 
Temp. 
Coefficient      
Date Test a (cm2) L (cm) A (cm2) t (s) 
h1 
(cm) 
h2 
(cm) Tc (h1/h2) (aL/At) ln(h1/h2) 
k 
without 
tc 
Coefficient of 
Permeability 
(k) 
12/12 
Test 
1 7.81 9.035626667 176.2003479 1800 89.7 51.9 0.92 1.73E+00 
2.23E-
04 5.47E-01 
2.10E-
04 1.12E-04 
12/12 
Test 
2 7.81 9.035626667 176.2003479 1800 89.7 69.4 0.92 1.29E+00 
2.23E-
04 2.57E-01 
7.38E-
05 5.25E-05 
12/12 
Test 
3 7.81 9.035626667 176.2003479 1800 89.7 75.3 0.92 1.19E+00 
2.23E-
04 1.75E-01 
4.64E-
05 3.58E-05 
 1 
 
